Many hormones that act via the phosphoinositol .cycle induce transient rises in cytoplasmic free Ca2+ in a variety of cell types (Berridge et al., 1988) . To this list may now be added vascular smooth muscle cells from rat and rabbit aorta in primary culture; both angiotensin I1 and ATP induce repetitive free Ca2+ transients in spread single cells microinjected with aequorin ( Fig. 1) .
The mechanisms by which cells generate oscillations in free Ca2 + have tentatively been classified (Berridge et ul., 1988) into either oscillations in which free Ca2+ is continuously part of the mechanism (e.g. Ca2+-induced release of Ca'+) or oscillations in the production of inositol 1,4,5-trisphosphate [Ins( 1,4,5)P,] in which free Ca2+ is not a continuous contributor to the oscillator. Our aequorin measurements of repetitive free CaL+ transients in single rat hepatocytes exposed to various hormones (Woods et ml., 1986) are most readily explained by transient receptor-mediated production of lns(1,4,5)lJ, (Woods et al., 1 9 8 7~; Cobbold et ul., 1987 . We base this supposition on the key observation that different agonists induce free Ca2+ transients with subtly different timecourses, even in the same individual cell. Thus transients induced by phenylephrine, an a , -adrenergic agonist, are about 7 s long, while angiotensin 11 and [ArgxJvasopressin transients are about 12-16 s long (Woods et al., 1 9 8 7~) .
Interestingly, ATP and ADP induce transients of markedly different timecourse (approx. 40 s and 7 s, respectively) (Cobbold et ul., 1 9 8 8~) .
Thus the transients show receptor-specific timecourses, and possibly even agonist-specificity (if ATP and ADP can be shown to act on the same receptor). Transients induced by all the agonists have very similar rates of rise of free Ca'+ and similar peak free Ca2+, and neither parameter is dependent upon agonist concentration. The receptor-specific differences in transient duration reside in the rate of fall of free Ca2+ from its peak level back to resting (Woods et al., 1 9 8 7~; Cobbold et al., 1 9 8 8~) .
How such receptor-specific information may be transmitted through the phosphoinositide cycle to mobilize intracellular Ca2+ is not known. We could, perhaps, propose that different receptors act on distinct populations of phosphoinositidase C (PIC) with different switch-off kinetics, or different substrate specificities, so as to generate different kinetics of curtailment of Ins( 1,4,5)lJ,-mediated Ca2+ mobilization. However, the very similar rates of rise of free Ca2+, and of peak free Ca2+, in each transient would suggest that different PIC populations are unlikely to be involved. Rather, a plausible source of negative feedback for curtailing Ins( I ,4,5)P, production lies in phosphorylation of receptors and/or their G proteins by protein kinase C (PKC). Differences in the kinetics of PKC phosphorylation of the different receptors or G proteins could then explain the different rates of fall of free Ca2+, assuming the instantaneous level of Ins( 1,4,5)P, is reflected as free Ca2+ (Cobbold el ul., 1987; Woods et ul., 1987 b) . Attempts to modify the timecourse of the transients with phorbol esters were not successful, since the frequency of the transients usually diminished to zero before any effect on the transients' shape could be detected. We assume that, in theinorma1 cell, PKC activation during the peak of the transient is intense, but short-lived, and not mimicked by exogenous phorbol esters (Woods et ul., 19876) . Our model would need revision to incorporate dissociation of the agonist from the phosphorylated receptor if both ATP and ADP do in fact act via the same receptor (Cobbold et ul., 1 9 8 8~) .
The effects of different vasopressin analogues o n the free Ca?+ transients' timecourse is currently being studied to test the role of the agonist's properties.
However, a receptor agonist is not mandatory for generating free Ca2+ transients. Fig. 2 shows repetitive free Ca2+ transients monitored with aequorin in a rat hepatocyte exposed to fluoroaluminate (AIF; ) which is known to acti- The response to angiotensin I1 was also transient in nature (Daly el ul., unpublished work). Cells isolated from aortae were not more than 3 weeks in primary culture in Williams' medium E. Cells spread out in flat glass capillaries were injected to about 1% of their volume with concentrated aequorin, approx. 12-18 h before recording their responses.
(Rounded-up cells, or cells injected promptly before recording, almost always failed to respond.) Other technical aspects are given by Woods et ul. (1986, 19876 et a/., 19886) . However, recent fura-2 data on the effects of low concentrations (4-40 n M ) of exogenous Ins( 1 ,4,5)P3 added to permeabilized leukaemic cells show strong co-operativity between three Ins( I ,4,5)P3 molecules at the Ca"-release site (Meyer et a/., 1988) . This mechanism, together with positive feedback of locally raised subplasmalemmal free Ca2+ on to PIC, has been proposed to explain the sudden rise in Ins( 1,4,5)f', and hencc free Ca?' (Meyer & Stryer, 1988) . Evidence for a subplasmalemmal Ins( 1,4,5)/',-sensitive Ca" store has recently been found in hepatocytes (Guillemette et a/., 1988 ( 1988) differs from ours in the mechanism of the falling phase of free Ca'+, both models incorporate the concept of Ins( 1,4,5)P, being elevated transiently, while PIC activity is modulated at the same frequency as the free Ca?+ transients. A similar concept of transient Ins( 1 ,4,5)P3 signalling has been proposed for BC3H-1 cells (Ambler et al., 1988) . The reasons why cells use free Ca'+ transients may include: (i) avoidance of mitochondria1 Ca? + ovcrload, any Ca?+ taken up during a transient being released during the inter-transient interval; (ii) improved signal-to-noise ratio when responding to low agonist levels; a single transient about every 4 min being presumably more readily detected than a continuous, but low, free Ca2+ rise throughout that period; (iii) the cellular mechanisms for generating a transient, essentially an on-off pathway, may be simpler than arranging to sustain various intermediate free Ca2+ concentrations in the face of Ca?+ efflux mechanisms; the sensitivity of these efflux mechanisms to free Ca2+ could lead to an upward spiral in Ca2+ fluxes for a given free Ca2+ level, which would be energetically wasteful; (iv) in an amplitudemodulated system it would be necessary to have a variety of Ca2 +-sensing proteins of different CaZ+ sensitivities if lowamplitude signals were to be detected, whereas each transient should activate calmodulin, even in the free state of the protein; (v) frequency modulation of the transients may allow differential activation of Ca2 + -dependent processes according to the kinetics of the downstream Ca2+-responsive elements. Thus target proteins to which calmodulin is always tightly bound, which already show lower K , for Ca2+ (Cox, 1988) , may respond more rapidly than proteins that first need to birld CaZ + -calmodulin. Calmodulin-bound proteins may respond maximally in each transient, whereas enzymes which first need to bind Ca2+-calmodulin may be activated to a much lower degree by each transient. Hysteresis in the off reactions of the target proteins following the fall in free Ca2+ will be important in determining their activity averaged over a series of transients; a staircase incrementation of accrued activity is conceivable, as is a transient-by-transient saw-tooth response. In this respect, the longevity of phosphorylated states of cellular targets for Ca'+ -calmodulinactivated kinases will be important. A similar argument could apply to cellular targets of PKC if, as we suspect, that too is activated transiently and frequency-modulated by the hormone concentration.
In conclusion, the dynamic behaviour of free Ca?+ in many cells may reflect an underlying equally dynamic behaviour of the pathways controlling free Ca2 +, and PKC, from the receptor onwards. Processes triggered by free Ca2+ transients and PKC may show similar dynamic behaviour. l ' h e insights into cellular dynamics given by single cell free Ca?+ measurements need to be supported by time-resolved single-cell measurements of other parameters, such as Ins( 1,4,5)P,, PKC activity, calmodulin-controlled enzymes, and so forth. New intracellular probes will need to be devised.
